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Magnetic flux structure on the surface of EuFe2(As1−xPx)2 single crystals with nearly optimal
phosphorus doping levels x = 0.20, and x = 0.21 is studied by low-temperature magnetic force
microscopy and decoration with ferromagnetic nanoparticles. The studies are performed in a broad
temperature range. It is shown that the single crystal with x = 0.21 in the temperature range
between the critical temperatures TSC = 22 K and TC = 17.7 K of the superconducting and ferro-
magnetic phase transitions, respectively has the vortex structure of a frozen magnetic flux, typical
for type-II superconductors. The magnetic domain structure is observed in the superconducting
state below TC. The nature of this structure is discussed.
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I. INTRODUCTION
The coexistence of superconductivity and magnetic
ordering has been a subject of a strong interest.1
Currently, the electric transport and magnetic proper-
ties are well studied for a number of single-crystalline
compounds of the so-called magnetic superconduc-
tors: borocarbides,2–7 uranium compounds,8 high-
temperature cuprate superconductors,9 and iron-based
superconductors.10
An important issue of the coexistence of supercon-
ductivity and magnetism from both theoretical11–14 and
experimental perspectives15–18 relates to the microstruc-
ture of the magnetic flux, as well as to its dynamics upon
variation of the temperature and external magnetic field.
Until recently, low temperatures of superconducting and
magnetic phase transitions of known single crystals, as
well as the requirement of a high spatial resolution, have
limited experimental capabilities for visualization of the
magnetic flux structure employing e.g. magnetic force
microscopy (MFM),19 scanning Hall probe imaging,20
and decoration with magnetic nanoparticles.21–23
Recently, new iron-based compounds AFe2(As1−xPx)2
(where = Ba, Sr, Ca, Eu) have been synthesized.
Superconductivity in these compounds can be induced
by doping with phosphorus.24 Superconductivity in
EuFe2(As1−xPx)2 single crystals occurs in a rather nar-
row doping range x = 0.14− 0.25 (or in the phosphorus
content range 7.0 − 12.5 at%) with the maximum su-
perconducting transition temperature TmaxSC = 27 K.
25,26
The magnetic transition in the Eu2+ subsystem is ob-
served at temperatures TC ∼ 17 − 20 K and depends
moderately on the phosphorus content (doping level) in
the specified range of contents.25,27–32
Previously, the magnetic flux structure was visual-
ized with the MFM on artificial thin-film superconduc-
tor/ferromagnet (Nb/FeNi) hybrid structures,15 where
the domain structure and Abrikosov vortices frozen in
the superconductor were observed simultaneously. How-
ever, in Ref. 15 the Curie temperature TC of ferromag-
netic layers was much higher than the critical tempera-
ture of the superconducting transition TSC in niobium
films. Also, vortex structures were observed in spa-
tially homogeneous ErNi2B2C bulk superconducting sin-
gle crystals (TSC = 10.5 K) in Ref. 33 using the decora-
tion method, and interpreted as an evidence of presence
of domain boundaries in a weakly ferromagnetic phase
with TC = 2.3 K.
In this work, the structure of the magnetic flux in
EuFe2(As1−xPx)2 single crystals with x = 0.20 and
x = 0.21 is studied with MFM and Bitter decoration
technique in a broad temperature range. Stripe and maze
domain structures typical for ferromagnets with perpen-
dicular magnetic anisotropy, are observed in the super-
conducting state below TC. In contrast to artificial hy-
brid systems, in EuFe2(As1−xPx)2 an interface is absent
2and superconductivity and ferromagnetism coexist on the
atomic scale.
II. EXPERIMENTAL DETAILS
EuFe2(As1−xPx)2 single crystals were synthesized us-
ing the self-flux method.34 The actual composition of
synthesized single crystals was determined by energy dis-
persive X-ray (EDX) microanalysis employing Carl Zeiss
Supra 50 VP SEM microscope. For MFM and deco-
ration studies, single crystals of EuFe2(As0.8P0.2)2 and
EuFe2(As0.79P0.21)2 of 1 × 1 × 0.012 mm
3 size with an
atomically smooth surface were obtained by mechanical
cleavage. Temperature and field dependences of the mag-
netization were measured on Quantum Design MPMS-
XL5 SQUID magnetometer at fields up to 5 T. The sur-
face structure and the distribution of magnetic flux were
studied using AttoCube AttoDry 1000 atomic force mi-
croscope (AFM) with a closed-cycle cryogenic system,
and a base temperature of 4 K. For AFM and MFM
studies silicon cantilevers were used coated by magnetic
CoCr layer (MESP, Bruker) with the following character-
istics at 4.2 K: the resonance frequency of the cantilever
87 kHz, the stiffness constant 2.8 N/m, and the coercive
field ≈ 1400 Oe. AFM/MFM imaging was performed
in an atmosphere of exchange gas (helium) at pressure
P ∼ 0.5 mbar in the temperature range from 4 to 30
K, controlled with exceptional precision of 1 mK. Prior
to MFM imaging, probes were magnetized at H = 2
kOe above the superconducting transition temperature
TSC = 22 K of EuFe2(As0.79P0.21)2 sample. The topog-
raphy of the surface was studied in the tapping mode
and magnetic flux structure was imaged in the MFM lift
mode at 110 nm above the sample surface with the feed-
back switched off and fast scanning direction along the
Y axis. The MFM contrast was provided by the phase
shift in the cantilever oscillation. The decoration of the
surface of EuFe2(As0.8P0.2)2 single crystal was performed
with magnetic iron particles (∼ 10 nm) in the field cool-
ing (FC) regime at liquid helium temperatures.21
III. RESULTS
Fig. 1 shows typical magnetic properties of
EuFe2(As0.79P0.21)2 single crystal. Fig. 1(a) demon-
strates temperature dependences of the magnetization
measured in the FC and zero-field cooling (ZFC)
regimes. The superconducting transition temperature
TSC = 22 K is indicated by the right arrow. Step
features on the ZFC and FC temperature dependences
of the magnetization are attributed to a ferromagnetic
phase transition. It is noteworthy that a transition to
the superconducting state is also accompanied by the
appearance of residual magnetization upon cooling in an
external field of 10 Oe. Fig. 1(b) shows the dependence
of the magnetization on the applied magnetic field
parallel to the c-axis of the crystal. For the sample with
x = 0.20 the temperature dependence of the magneti-
zation and magnetization curve at 4 K are similar but
with a higher superconducting transition temperature
and a wider hysteresis loop.
Oe
FIG. 1. (Color online) Temperature dependence of the mag-
netization and magnetization curve for EuFe2(As0.79P0.21)2
single crystal. (a) Temperature dependence of the magneti-
zation measured in the FC regime with the field parallel to
the c-axis of the crystal and in the zero-field cooling (ZFC)
regime. Transitions to the superconducting and ferromagnetic
states are observed at TSC = 22 K and TC = (18 ± 0.3) K,
respectively (marked by arrows). (b) The dependence of the
magnetization on the applied magnetic field at T = 4 K.
Fig. 2 shows the results of the AFM/MFM stud-
ies. Fig. 2(a) demonstrates the AFM topography of the
8×8µm2 surface area of EuFe2(As0.79P0.21)2 single crys-
tal with the step of ∼ 100 nm height. Fig. 2(b) shows the
distribution of the magnetic flux over the surface shown
in Fig. 2(a) at T = 17.27 K. This structure is typical for
the entire temperature range below the Curie tempera-
ture and disappears after heating above TC. Thus, the
observed sign-alternating contrast can be attributed to
the magnetic domain structure. Importantly, the domain
structure is observed not only at zero external magnetic
field, but also upon cooling in weak fields H < 100 Oe.
Fig. 2(c) shows the distribution of the magnetic flux in
the superconducting state in a narrow temperature range
above TC. The observed contrast (light spots) corre-
sponds to Abrikosov vortices with the magnetic flux den-
3sity Φ0/a
2
∼ 6 G, where Φ0 is the magnetic flux quantum
and a is the average distance between vortices.
Fig. 3 shows the typical magnetic flux structure ob-
served by the decoration method on the (001) surface
of EuFe2(As0.80P0.20)2 single crystal with the supercon-
ducting transition temperature TSC = 24 K. With MFM
only a small ∼ 8× 8µm2 surface area of the sample was
studied, whereas the decoration method reveals the mag-
netic structure on the almost entire surface. According
to the principle of the image contrast formation in the
decoration method,35,36 the region of higher density of
magnetic particles (light) is treated as a domain with the
magnetization along the applied field direction, whereas
the region with lower density or without magnetic par-
ticles (dark) is interpreted as a domain with the oppo-
site sign of the magnetization. As can be seen, the dec-
orated domain structure (Fig. 3(b)) agrees with MFM
imaged one (Fig. 2(b)) at corresponding scales. The
period of the domain structure is about 0.9 µm. At
the same time, finer details of the decorated domain
structure can be resolved (Fig. 3(b)). The magnetiza-
tion measurements and both MFM imaged and decorated
magnetic structure define explicitly EuFe2(As0.79P0.21)2
and EuFe2(As0.80P0.20)2 single crystals as superconduc-
tors with ferromagnetic ordering and the superconduct-
ing transition temperature TSC above the Curie temper-
ature TC.
IV. DISCUSSION
The experimental results can be interpreted as follows.
According to the dependences shown in Fig. 1(a), the
ZFC magnetization is negative below the superconduct-
ing transition temperature TSC = 22 K. In the tempera-
ture range below TC, the diamagnetic response is weak-
ened by the ferromagnetic transition in the Eu2+ subsys-
tem. The exact determination of the Curie temperature
using the observed features on the ZFC and FC temper-
ature dependences of the magnetization is complicated
due to competing mechanisms of superconducting and
ferromagnetic orderings. In particular, maxima on the
FC and ZFC temperature dependences of the magneti-
zation are observed in Ref. 25 at T ∼ 17.7 K, whereas
according to measurements of the specific heat, the Curie
temperature is TC = 19 K. In this work, the transition
temperature to the ferromagnetic state TC is defined as
a temperature at which the domain structure is first ob-
served, i.e., TC = 17.7 K. The dependence of the magne-
tization on the applied magnetic field (Fig. 1(b)) is the
superposition of a typical hysteresis loop of a type-II su-
perconductor (within the Bean model the critical current
density Jc is proportional to the width of the hysteresis
loop) and the magnetization curve of the Eu2+ ferromag-
netic subsystem.25
The magnetic origin of the domain structure contrast
(Figs. 2(b) and 3(a)) is confirmed by insensitivity of
the MFM probe to small details of the surface topog-
raphy, e.g. to the 100 nm step. Sign-alternating (phase)
contrast on domains indicates perpendicular magnetic
anisotropy and corresponds to the antiparallel direction
of the magnetization in neighboring domains.
Individual vortices could not be resolved with deco-
ration since the expected magnetic flux density within
domains is about 0.9 T (Ms = 714 cgs units/cm
3) at
liquid helium temperatures,25 whereas the resolution of
the decoration method is limited by 0.2 T.37 The spa-
tial resolution of MFM also cannot identify individual
vortices if the local magnetic flux density in domains is
much higher than 10 mT.38,39 At the same time, the fine
structure of domains, which is shown in Fig. 3(b), can be
explained within the framework of domain branching in
ferromagnets.40 An alternative origin of the fine domain
structure is the so-called intermediate-mixed state,41
which appears if the thickness of the superconducting
crystal is much larger than the width of domains and is
characterized by a mixture of flux-free domains (Meiss-
ner phase) and domains with Abrikosov vortices. In con-
trast to the structure of the intermediate-mixed state,
the fields of vortices in neighboring branching domains
should be oppositely oriented. Such a possibility was
theoretically considered in Ref. 13. According to this
model, different types of domain configurations can be
formed in a ferromagnetic superconductor depending on
the parameters (magnetic and superconducting): the sat-
uration magnetization (Ms), London penetration depth
(λ), the lower critical field (Hc1), and the domain wall
width w. Precise measurements of these parameters and
studies of the fine structure of domains will provide fur-
ther clarification of the mechanisms of the coexistence
and mutual influence of superconductivity and ferromag-
netism in EuFe2(As1−xPx)2 single crystals.
V. CONCLUDING REMARKS
The main result of this work is the observation of the
magnetic domain structure in EuFe2(As1−xPx)2 super-
conducting single crystals with x = 0.20, and x = 0.21.
This domain structure disappears in EuFe2(As0.80P0.20)2
single crystal after heating above the Curie tempera-
ture TC = 17.7 K. Thus, the magnetic domain structure
has been observed for the first time in spatially homo-
geneous single crystals with the superconducting transi-
tion temperature TSC exceeding the Curie temperature
TC, TSC > TC, which unambiguously indicates the coex-
istence of ferromagnetism and superconductivity in this
material. The observations of the magnetic flux structure
using low-temperature MFM and decoration methods in
real space (in contrast to X-ray and neutron diffraction
studies) provide important information on the topology,
real sizes, and shape of domains. At the same time,
only further combined studies employing, e.g. diffraction
methods and scanning probe microscopy, in particular
high-resolution scanning tunneling microscopy, as well as
decoration with ferromagnetic nanoparticles in a broad
4FIG. 2. AFM topographic image and MFM images of magnetic flux structure on the (001) surface of EuFe2(As0.79P0.21)2 single
crystal. (a) AFM topography of the surface area in fully magnetized state of the Eu2+ ferromagnetic subsystem in magnetic
field of H = −0.9 T parallel to the c-axis. (b) Magnetic domain structure after zero-field cooling (ZFC) to the minimum
temperature Tmin = 4.16 K with subsequent heating up to T = 17.27 K. (c) Vortex structure imaged after FC at T = 18.15 K
with the residual magnetic flux density Φ0/a
2
∼ 6 G.
FIG. 3. (Color online) (a) Magnetic flux structure on the (001) surface of EuFe2(As0.80P0.20)2 single crystal after FC in a
magnetic field of 10 Oe revealed by decoration at Td ∼ 8 K. (b) Enlarged image of the area indicated by the red box in (a) of
similar size and the orientation of the domain structure shown in Fig. 2b.
range of temperatures and magnetic fields can clarify the
mechanism of the coexistence of superconductivity and
ferromagnetism in these ferromagnetic superconductors.
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